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1Department of Pharmacology, University of California, Davis, Davis, CaliforniaABSTRACT The diastolic membrane potential (Vm) can be hyperpolarized or depolarized by various factors such as hyperkale-
miaor hypokalemia in the long term, or bydelayedafterdepolarizations in the short term. In this study,we investigate howVmaffects
Ca sparks and waves. We use a physiologically detailed mathematical model to investigate individual factors that affect Ca spark
generation andwave propagation.We focus on the voltage range of90 ~70mV, which is just below the Vm for sodium channel
activation.We find that Vm depolarization promotes Ca wave propagation and hyperpolarization prevents it. This finding is directly
validated in voltage clamp experiments with Cawaves using isolated rat ventricular myocytes. Ca transport by the sodium-calcium
exchanger (NCX) is determined by Vm as well as Na and Ca concentrations. Depolarized Vm reduces NCX-mediated efflux,
elevating [Ca]i, and thus promoting Ca wave propagation. Moreover, depolarized Vm promotes spontaneous Ca releases that
can cause initiation of multiple Ca waves. This indicates that during delayed afterdepolarizations, Ca release units (CRUs) interact
with not just the immediately adjacent CRUs via Ca diffusion, but also further CRUs via fast (~0.1 ms) changes in Vm mediated by
the voltage andCa-sensitive NCX. This may contribute significantly to synchronization of Ca waves amongmultiple cells in tissue.INTRODUCTIONPremature ventricular contractions (PVC) are thought to
trigger cardiac arrhythmias (1–3). One cause of PVCs is de-
layed afterdepolarizations (DAD), due to transient inward
currents (4–7). The transient inward current, carried mostly
via the sodium-calcium exchanger (NCX), becomes larger,
especially when spontaneous calcium (Ca) releases from
the sarcoplasmic reticulum (SR) initiate Ca waves (8). How-
ever, Ca waves in a single cell will not cause PVCs in tissue
because cells are coupled by gap junctions and surrounding
cells keep the membrane potential (Vm) too negative for
sodium (Na) channel activation. This is often called
source-sink mismatch (9,10). To overcome the source-sink
mismatch and initiate PVCs, Ca waves must occur simulta-
neously in multiple cells (9,11). However, because diffusion
of Ca between cells is slow, especially when [Ca]i is
elevated (12,13), most Ca waves cannot propagate across
the cell membrane to adjacent cells. In this study, we
show that Ca waves can be synchronized in multiple cells
during DADs via voltage and Ca-sensitive NCX.MATERIALS AND METHODS
Mathematical model
We used a physiologically detailed mathematical model of a ventricular my-
ocyte to investigate individual factors that affect Ca spark initiation and
wave propagation. Our base model is a subcellular Ca cycling model
recently developed by Restrepo et al. (14). In this model, there are 19,305Submitted November 4, 2013, and accepted for publication July 15, 2014.
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0006-3495/14/09/1313/5 $2.00(65 27 11) Ca release units (CRUs), which are coupled by Ca diffusion
through cytosol and network SR. Each CRU contains 100 ryanodine recep-
tors (RyRs). The RyR is described by a four-state Markovian model and
each RyR opens stochastically depending on cleft space Ca concentration
([Ca]Cleft) and junctional SR Ca concentration ([Ca]SR). The detailed formu-
lation of the model is in the Supporting Material and our previous work (15).
We focused on the voltage range of 90 ~ 70 mV. We chose relatively
high intracellular Na concentrations ([Na]i), 12–14 mM, to mimic the [Na]i
reached just after the fast pacing where DADs often occur (16) and the [Na]i
that was measured in paced rabbit ventricular myocytes from failing hearts
(17). In this study, we blocked Na current to avoid initiation of action
potentials and the L-type Ca current to avoid initiation of Ca waves by
L-type Ca channel openings, although the open probability and its Vm
sensitivity are relatively small near the resting Vm.Isolation of rat cardiac myocytes
Ventricular myocytes from Sprague Dawley rats were isolated as previously
described (18). Rats were anesthetized using 3% isoflurane. Hearts were
rapidly excised and perfused on a Langendorff apparatus for 5 min with
minimal essential medium (MEM) at 37C gassed with 100% O2 before
addition of 0.05 mg/mL Liberase TH (Roche-Life Science). Triturates
were incubated for 10 min at 37C in the same enzyme solution. Cells
were then settled by gravity, washed 2–3 with 0 mM Ca2þ MEM with
2% bovine serum albumin (to stop enzymatic reactions), and kept in
0 mM Ca2þ MEM until use. All animal procedures were approved by
the University of California, Davis Institutional Animal Care and Use Com-
mittee in accordance with the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals.Laser scanning confocal Ca2D imaging and
electrophysiology
Cells were plated on laminin-coated glass coverslips in 0 mM Ca2þ normal
Tyrode’s (NT) solution containing (in mM) 140 NaCl, 4 KCl, 1 MgCl2, 10http://dx.doi.org/10.1016/j.bpj.2014.07.053
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1314 Sato et al.glucose, and 5 HEPES (pH 7.4 with NaOH). Intact myocytes were loaded
with 5 mM Fluo-4 AM (Molecular Probes-Life Technologies) for 28 min,
and then washed 3 with 0 mMCa2þ NT. The dyes were allowed to further
deesterify for 20 min in 0 Ca2þ NT. Whole-cell patch clamp, using pipettes
with resistances ranging from 2 to 3 MU, was used to control Vm. The in-
ternal pipette solution contained (in mM) 90 aspartic acid (Kþ salt), 40 KCl,
10 NaCl, 5.5 MgCl2, 5 ATP, 10 HEPES, and 0.05 Fluo-4 K
þ (Molecular
Probes-Life Technologies) (pH 7.2 with KOH). An Axopatch-200B patch
clamp amplifier and pCLAMP10.4 software (Axon Instruments) were
used. Only cells with membrane resistances>1 GU were used for analyses.
Once intracellular access was obtained, bath [Ca] ([Ca2þ]e) was increased
to 3 mM to promote Ca2þ wave propagation. From a holding potential of
100 mV, Vm was depolarized to 70 mV for up to 5–8 min and then re-
polarized to 100 mV. At each potential Ca2þ was imaged using a Biorad
Radiance 2100 laser scanning confocal microscope equipped with a Nikon
Plan Fluor 40 oil lens. Fluo-4 was excited at 488 nM and emission was
recorded using a 500/530 nM bandpass filter at 166 lines/s. Image analysis
was done with ImageJ. All experiments were performed at room tempera-
ture (21–25C).Statistics
Data were reported as the mean 5 SE. A one-way ANOVA with Tukey
post hoc analysis was performed to determine if values were different
from control. A P-value below 0.05 was considered statistically significant.FIGURE 1 (A) The probability of successful wave propagation increases
at more depolarized Vm. Vm was clamped and did not change during this
simulation. The simulation was done in a 50  5  5 CRU cell. Solid lines
and dashed lines are results for [Na]i¼ 14 and 12 mM, respectively. (B) The
propagation distance of Ca waves versus the Vm. Solid lines are average and
error bars are standard deviation. CRUs within the 5 leftmost sarcomeres
were stimulated to initiate waves. Therefore, 9.2 mm (¼5  1.84 mm,
dashed line) should be subtracted for the actual propagation distance.
The cell length was 92 mm; therefore, a distance of 46 mm was 50% of
cell length, and so on. To see this figure in color, go online.RESULTS AND DISCUSSION
The life of the Ca wave has three steps: initiation, propaga-
tion, and termination. Increased numbers and further propa-
gation of Ca waves contribute to both the amplitude of DADs
and a propensity toward PVCs. First, we investigate how Vm
affects Ca wave propagation in a single cell. Isolated Ca
sparks become Ca waves as SR Ca load becomes higher.
In our model, this occurs around [Ca]SR ~ 1300 mM when
[Na]i ¼ 14 mM (Fig. S1 in the Supporting Material). Note
that these numbers would be affected by various factors
such as RyR/calsequestrin mutations and up(down)regula-
tion of SERCA. We measure the probability of successful
wave propagation, defining success as propagation from
one end of the cell to the other end in the longitudinal direc-
tion.We initiate the Ca wave by stimulating CRUs within the
five leftmost sarcomeres. Vm plays its most critical role
when the cell condition is close to the transition from Ca
sparks to Ca waves. At [Ca]SR ¼ 1300 mM, most Ca waves
cannot propagate successfully at Vm more negative than
85 mV (Fig. 1 A). However, once Vm reaches ~70 mV,
38% of Ca waves propagate successfully (green curve in
Fig. 1 A). If [Ca]SR is elevated to 1400 mM, >95% of Ca
waves propagate when Vm ¼ 70 mV. However, at Vm
more negative than 85 mV, more than half of the Ca waves
fail to propagate (red curve in Fig. 1 A). The strength and di-
rection of NCX operation are also a function of [Na]i. Even
2 mM higher [Na]i reduces Ca efflux and thus elevates [Ca]i,
further promoting successful Ca wave propagation at a given
SR load and Vm (solid lines versus dashed lines in Fig. 1 A).
Ca waves may terminate before they reach the other
end of the cell. This phenomenon has been observed exper-Biophysical Journal 107(6) 1313–1317imentally as miniwaves. The incidence of miniwaves under
the conditions in Fig. 1 A is 1 — the indicated probability.
Even under conditions largely favoring miniwaves, depolar-
ization of Vm also lengthens them and promotes transient in-
ward currents (Fig. 1 B).
A Ca wave is initiated by spontaneous Ca sparks. There-
fore, as spontaneous Ca releases occur more frequently, Ca
waves can be initiated more frequently. In our previous
study (19), we showed that NCX suppresses spontaneous
Ca sparks by reducing Ca-induced Ca release in the cleft
space. Here, we show that changing diastolic Vm also
strongly affects Ca spark-mediated SR Ca release. At re-
latively modest SR Ca loading, [Ca]SR¼ 700 mM, as Vm de-
polarizes from 90 to 70 mV, Ca spark-mediated SR Ca
release increases by 36% for [Na]i ¼ 14 mM (Fig. 2; shown
as the summation of spark fluxes). This effect is larger for
higher [Na]i (solid versus dashed lines in Fig. 2).
FIGURE 2 Ca spark-mediated SR Ca release (steady-state leak) vs.
[Ca]SR at Vm ¼ 90 and 70 mV. Solid lines (dashed lines) are results
for [Na]i ¼ 14 (12) mM. To see this figure in color, go online.
A
B
FIGURE 3 (A) Frequency of Ca waves versus holding Vm for initial
[Ca]SR ¼ 1300, 1400, and 1500 mM. [Na]i was 14 mM. Ca waves were
measured for 100 ms in each simulation. The frequency was calculated
by the number of waves observed/(the number of trial 0.1). (B) The prob-
ability of spontaneous Ca waves in tissue (5  5 cells). Ca waves were
measured for 300 ms in each simulation. Dashed lines: probability in an
individual cell. Solid lines: probability that spontaneous Ca waves occurred
in all 25 cells. Black: free Vm (where Vm can be depolarized via transient
inward currents). Red: Vm was held at 80 mV. Green: The difference be-
tween black and red traces shows the additional probability of waves attrib-
utable to Vm depolarization. Note that Na and Ca channels were blocked
so that the excitation of the action potential could not synchronize Ca sparks
and waves. To see this figure in color, go online.
Synchronization of Ca Waves during DADs 1315As Vm is depolarized, more Ca waves propagate success-
fully as macro or full Ca waves (Fig. 1). The frequency of
Ca sparks, which may initiate Ca waves, is also increased
(Fig. 2). These results imply that the frequency of Ca waves
will be increased during DADs. We applied a voltage clamp
protocol (Fig. 3 A, inset) to mimic DADs and measured the
frequency of Ca waves (Fig. 3 A). As Vm depolarized, inci-
dence of Ca waves increased. For example, the frequency
was doubled as Vm depolarized from 90 to 70 mV at
[Ca]SR ¼ 1500 mM.
Finally, we tested the effect of Vm depolarization in tissue
with Vm unclamped (5 5¼ 25 cells). Cells are coupled via
gap junctions. Na and L-type Ca currents were blocked, so
that depolarization is entirely due to the transient inward
current caused by spontaneous Ca releases. The probability
(psingle) of Ca wave occurrence in an individual cell is
increased as [Ca]SR is increased (Fig. 3 B, dashed black
line). The solid black line indicates the probability of a Ca
wave in all 25 cells. Red curves are results when Vm of tis-
sue is held at 80 mV (dashed curve for one cell, solid
curve for 25 cells). In this case, electrotonic coupling has
no influence and the result is identical to that in isolated my-
ocytes. For this clamped case, the cells are independent, so
that the probability that Ca waves occur synchronously in all
25 cells is (psingle)
25 (solid red line). Even if Vm is held, Ca
waves still can occur synchronously as [Ca]SR is increased
and the mechanism of synchronization is essentially the
mechanism proposed by Wasserstrom et al. (20); see below.
Therefore the difference (Fig. 3 B, green curve) is the addi-
tional probability due to the synchronization effect of Vm
depolarization. This is maximized when [Ca]SR is in the
transition region between no Ca wave and spontaneous Ca
waves ([Ca]SR ¼ 1400 ~ 1500 mM in Figs. 3 B and Fig. S1).
To validate our model for how diastolic changes of Vm
affect the probability of Ca wave propagation in a native
system, we performed whole-cell patch clamp and confocalCa imaging simultaneously on freshly isolated rat ventri-
cular myocytes. From a hyperpolarized Vm of 100 mV,
myocytes were depolarized to 70 mVand then repolarized
to 100 mV. At each potential, the probability of Ca
wave propagation was determined (Fig. 4). We found aBiophysical Journal 107(6) 1313–1317
BA
FIGURE 4 (A) Representative steady-state Ca waves in an individual
voltage clamped myocyte. The cell was initially hyperpolarized at Vm
100 mV, depolarized to 70 mV, and finally repolarized to 100 mV.
(B) Average probability of Ca wave formation in myocytes, each initially
held at 100 mV, then depolarized to 70 mV, and finally repolarized to
100 mV. (n ¼ 7 cells, *P < 0.05) To see this figure in color, go online.
FIGURE 5 Representative example showing an individual myocyte
where waves formed initially on depolarization from Vm 100 to
70 mV at a frequency that stabilized during 2–8 min. Waves terminated
abruptly on repolarization to 100 mV. The red arrow indicates when the
Vm was changed and the time after the Vm was changed is indicated in pa-
rentheses. To see this figure in color, go online.
1316 Sato et al.significantly larger propensity for Ca wave occurrence when
myocytes were depolarized, compared to both the initial
condition and upon repolarization at 100 mV (Fig. 4 A:
representative example from an individual myocyte; Fig. 4
B: probability based on n ¼ 7 experiments). All cells initi-
ated waves within 1–2 min when held depolarized at
70 mV, but only 3 out of 7 cells displayed any waves
when held at 100 mV. This experiment is complicated
by potential time-dependent changes in SR Ca content.
That is, SR Ca content may be higher during the steady state
at 70 mV vs. 100 mV.
In Fig. 5 we tested whether acute hyperpolarization to
–100 mV could immediately halt periodic Ca waves seen
at –70 mV (before progressive changes in SR Ca content).
In this cell, there were no waves at 100 mV, but after
the step to 70 mV there was a progressive development
of Ca waves, which reached a steady state of ~2 waves
per image (18 s) in 2–8 min at 70 mV. At the arrow, Vm
was clamped to 100 mV and Ca waves disappeared
immediately.
These data suggest that changes in Vm can rapidly influ-
ence the probability of spontaneous Ca waves. Of course
further gradual increases in [Ca]SR in response to depolari-
zation (again via NCX-dependent shifts in Ca) should lead
to further increased Ca spark frequency and probability of
Ca wave formation.
A Ca wave propagates when Ca sparks recruit new sparks
in the adjacent CRUs. When SR Ca release events occur, the
released Ca is removed mostly via the SERCA pump and the
NCX from the cytosol. If this removal process dominates
over the positive feedback process of Ca-induced CaBiophysical Journal 107(6) 1313–1317release, Ca waves cannot propagate. Diastolic Vm can be hy-
perpolarized or depolarized by various factors such as hypo-
or hyperkalemia in the long term, or depolarized by DADs
in the short term. Myocytes coupled to fibroblasts also
have less negative resting Vm (21). In this study, we have
investigated how hyperpolarized or depolarized Vm affect
Ca wave initiation and propagation.
Our experimental and mathematical results show that de-
polarization of Vm promotes Ca wave propagation and hy-
perpolarization prevents Ca wave propagation. Near the
resting Vm, electrogenic NCX works in the forward mode,
namely, as one Ca ion leaves the cell, three Na ions enter
the cell. In an unclamped cell, this current depolarizes the
cell membrane. Ca transport by NCX is determined by Vm
as well as [Na] and [Ca]. Depolarized Vm reduces NCX-
mediated efflux, so that local [Ca]i does not decay, but rather
can rise. Thus, depolarization promotes spontaneous Ca
sparks and Ca wave propagation.
Recently, Wasserstrom et al. showed that Ca waves can be
synchronized in multiple cells (20), which are driven by
Synchronization of Ca Waves during DADs 1317common conditions. In their study, although Ca waves in
different cells are functionally independent and do not
interact directly, they occur synchronously when the proba-
bility of Ca waves increases, dictated mainly by a character-
istic time required for SR Ca reloading and RyR recovery,
i.e., SR Ca load and RyR in all cells are reset at each paced
beat.
In this study, we show an additional mechanism of syn-
chronization of Ca waves among multiple cells in tissue.
CRUs interact with the immediately adjacent CRUs via
both cytosolic and SR Ca diffusion. Ca diffusion between
cells is not sufficient to synchronize waves (22) because
of limited intercellular diffusion of Ca through gap junctions
(12,13). However, when Ca sparks, and especially Ca waves
occur, Ca efflux via NCX depolarizes Vm, which spreads in
tissue quickly through gap junctions (effective diffusion co-
efficient Dv ¼ Gi/(Sv∙Cm) ~ 1.0 cm2/s (23), where Gi is the
intercellular conductivity, Sv is the surface volume ratio of
the cell, and Cm is the cell capacitance). In contrast, DCa ~
1.4 ~ 3.5  106 cm2/s (24) even within a cell and diffusion
of Ca between cells is lower than this value). Thus, depolar-
ization has more efficacy than Ca diffusion to promote Ca
sparks and Ca wave propagation among multiple cells.CONCLUSION
CRUs interact with not only just the adjacent CRUs via Ca
diffusion, but also further CRUs via Vm, as mediated by
voltage and Ca-sensitive NCX. Our finding provides a
potentially strong causal mechanism for synchronization
of Ca waves in tissue and sheds light on understanding of
PVC formation.SUPPORTING MATERIAL
One figure, mathematical model, and supporting references are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)00800-5.
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